Abstract In this paper, the system of the Linear Induction Motor (LIM) driven by direct AC-AC matrix converter is presented and its dynamic performance is briefly compared with the conventional LIM drives based on AC-DC-AC converter. Space-vector pulse-width modulation (SVM) and indirect field oriented control (IFOC) are applied to control the two employed converters. For the sake of comparison, the PI controllers are applied to control the primary (mover) speed and current considering the same parameter settings. The objective of this paper was to compare theoretically the dynamic performance of linear induction motor (single-sided LIM) drives driven by three-phase voltage source inverters and the direct AC/AC matrix converters. The study compares the dynamic performance in addition to the harmonics content and THD of the input and output voltage and current for both converters. The simulation of each system has been implemented using the MATLAB/SIMULINK platform. 
Introduction
Linear motors are special electrical machines, in which electrical energy is converted directly into linear mechanical movement without the need for rotary to linear conversion. There are many types of linear motors such as; DC motors, permanent magnet motors, synchronous motors, and stepping motors. Among these types, The Linear Induction Motor (LIM) is considered one of the most promising types of linear motors due to its high-starting thrust force, high-speed operation, simple mechanical construction, no need for a gear between motor and motion devices, reduction of mechanical losses and size of motion devices, silence operation, easy maintenance, no backlash, low friction, and suitability for both low and high speed applications [1] . Therefore, LIMs are now widely used in many industrial applications with satisfactory performance including transportation, conveyor systems, actuators, material handling, pumping of liquid metals, sliding door closers, robot base movers, office automation, drop towers, and elevators [2, 3] .
In the past few decades, Indirect Field Oriented Control of linear induction machines has been tremendously applied through the literature to resemble the ideal performance of separately excited DC machines by decoupling the flux current component and the force current component to separate between secondary flux and motion dynamics. By doing so, the secondary flux-magnetizing current component is kept null and the secondary force producing current component is kept constant; hence, high dynamic performance is gained [4] [5] [6] [7] .
Voltage source inverters (VSIs) are extensively applied to study the performance of linear induction motor drives. The authors in [4, [8] [9] [10] [11] studied the performance of new vector control algorithms applying machine models that consider the end-effect. In [12] Hamedani and Shoulaie studied the LIM performance applying IFOC using five-level Cascaded Hbridge (CHB) inverter with multi-band hysteresis modulation. The Adaptive Fuzzy Sliding Mode Control of LIM has been examined experimentally using hysteresis current control (HCC) and IFOC by Chin et al. in [13] . In [14] , Liu et al. studied the performance of Sliding Mode Current Control using VSI and IFOC. In [15] [16] [17] , the performance of LIM is studied using voltage-source inverters incorporated with new direct thrust controller algorithms. Traditional voltage source inverters have some drawbacks: the two stage operation that reduces the reliability of the system, the bulky short life-time capacitor on the rectification stage, high power losses, and high input current THD [18] .
On the other hand, direct AC/AC matrix converter overcomes the previous mentioned drawbacks of traditional VSI. The AC/AC matrix converters are applied to provide fully controllable output voltages in a single conversion stage. Features of matrix converters that make them an attractive solution for some applications include the following: bulky DC capacitors free, which improves the system reliability, bidirectional switches used in matrix converters which enable regenerative power process, unity input power factor which can be obtained at the input side, decreased THD of input and output currents in addition to the output voltage, and unlimited output frequency range [18] . At the same time, matrix converters have some drawbacks: the maximum ratio between the input and output is limited to 86.7%, as well as the complexity of the controller and converter structure [18] . In [19] , the authors proposed the use of carrier based PWM matrix converters in controlling the LIM speed.
Space-vector pulse width modulation (SV-PWM), introduced in [20] based on the principles of space-vectors, is intended to approximate the demanded voltage based on the Volt. Second. The operation of space-vector PWM has been analyzed and detailed in [21] . The duty of SV-PWM is to generate the power converter controlling signals according to the reference d-q voltage components calculated by the speed and current control loops.
This paper presents a comparison of the linear induction motor drive performance fed by a conventional three-phase inverter and matrix converter drives. In both converters, the switching signals have been obtained based on SVM and the LIM speed is controlled based on IFOC. Section 1 provides an introduction to LIM drives and control. Section 2 presents 
Dynamic model of LIM taking end effect into consideration
A three-phase LIM is shown in Fig. 1 Matrix converters and three-phase inverters 3 linear encoder is employed to provide feedback of the primary position. The electrical dynamic model of the LIM is modified from the traditional model of a three phase, Y-connected induction motor in stationary a-b frame and can be described by the following differential equations [22] : 
Figure 6 SVM topology for MC drives [28, 29] .
where
The longitudinal end-effect is approximated by Taylor's series and can be taken as an external load force, F l , [22, 23] :
where h 1 , h 2 , and h 3 are constants. This end-effect increases with the speed of the primary (mover) [4, 8] . Taking F 1 into consideration, Eq. (5) is rewritten as follows:
Indirect field oriented control of a LIM
In the field oriented control method, the dynamics of the highly coupled nonlinear structure of the induction machine becomes linearized and decoupled. The decoupled relationship is obtained by proper selection of state coordinates, under the hypothesis that the rotor flux is kept constant [1] . Therefore, the rotor speed is only asymptotically decoupled from the rotor flux, and is linearly related to the torque current only after the rotor flux becomes in the steady state. The flux model of the LIM can be described in the d-q synchronous frame as [24] follows:
In an ideally decoupled induction motor, the secondary flux linkage axis is forced to be aligned with the d-axis, and the field orientation conditions can be applied. It follows that:
Using (10), the desired secondary flux linkage in terms of i ds can be found from Eq. (8) as follows:
Moreover, Eq. (8) can be combined with Eqs. (9) and (10) to give the feed-forward slip velocity signal as follows:
The electromagnetic force can be described in the d-q synchronous frame as [24] follows:
where k f is the force constant which is equal to:
. With the implementation of the field oriented control, Eq. (13) can be rewritten using Eqs. (10) and (11) as follows:
If the d-axis primary current (flux current component) is kept constant at rated value, the electromagnetic force is directly proportional to the q-axis current. In this case, if the q-axis current is rapidly changed in response to the load variation, this will be followed by a rapid change in the motor developed force and the LIM will exhibit a high dynamic performance.
Linear induction motor converter topologies
The performance of the LIM is examined by two different power converters, i.e. the VSI and the MC; hence, speed con- 
For the two cases, the Clarke and Park transformations are applied based on the description given in [25] . The electrical position, h e , used in Clarke and Park transformations is calculated as shown in Fig. 3 [24,26,27] . The difference between the two cases is in the SV-PWM block, which is changed according to the employed power converter and the number of switches as detailed below. 
Voltage source inverter drives
Conventional three-phase voltage source inverters (VSIs) have been traditionally applied to develop controlled magnitude and frequency AC voltage. Fig. 2(a) shows a block diagram of VSI fed LIM drive. Fig. 2(b) depicts the rectifier and the VSI stage. The input supply voltages are rectified and smoothed using a three-phase full-wave rectifier and smoothing capacitors respectively. The VSI consists of six switches connected as three-leg bridge inverter. The control signals of the VSI are obtained by the control loops which consist of a speed PI controller, and two d-q axis currents PI regulators. The d-q voltage references are then employed to calculate the switching periods of the VSI using the a-b transform and the SV-PWM VSI block. The SV-PWM VSI block is implemented based on the description given in [21] . While the voltage reference vector represents a rotating vector with variable magnitude, the three-phase voltage source inverter can compose specific eight switching state vectors according to eight switching patterns as depicted in Fig. 4 .
The duty cycles of the inverter are calculated according to the space-vectors theory proposed by Broeck et al. [21] . The reference voltage vector is approximated in average Volt. Second by applying the two active state vectors and two zero state vectors. For reference vector V Ã s \h, as shown in Fig. 4 , the ON intervals of two adjacent vectors and two zero-vectors are calculated so that [21] :
The ON intervals of the active vectors (V n and V nþ1 ) and zero vector (V 0 ) can be calculated as follows:
T n and T n+1 : ON intervals of active vectors. T s : Switching period. T 0 : ON interval of zero vectors (divided equally between V 0 and V 7 ). Fig. 5(a) shows the control block diagram of a three-phase to three-phase matrix converter fed linear induction motor drive. Fig. 5(b) shows the matrix converter configuration, which consists of nine bidirectional switches that allow any output phase to connect with any input phase. Each output phase is connected to the three input phases through three bi-directional switches, S xy . For the nine bi-directional switches of matrix converters, the available switching states equal 2 9 , i.e. 512 switching state. Applying the two contrarians given in (19) and (20) , the switching states reduce to 27 switching state. These switching states are presented in a regular hexagon as shown in Fig. 6 . These states will be subdivided into three groups [28, 29] . First group (six states): when each input phase is connected to only one of the output phases. The produced vectors have the same amplitude and different angles. This group of switching states is unused. Second group (eighteen states): when two of the output phases share the same input phase, the output vectors have the same angle with different amplitudes. Third group (three states): when all the output phases share one input phase, which produce zero vectors. Matrix converters and three-phase inverterssampling period, two active adjacent vectors and one zero vector are selected from the 27 possible converter output vectors [28, 29] . The ON intervals of the active and zero vectors can be calculated by (19) The Indirect Space Vector Modulation proposed by [30] and further described in [28, 29] applied to calculate the existence function for each switch is expressed as follows:
Three-phase AC/AC matrix converter
In order to avoid short circuit that might be occurred between the input phases and open circuit of the output phases, one and only one switch per column must be ON.
The input three-phase voltage can be formulated as follows:
e r e s e t 2 6 4 3
where / i is the phase angle of the input waveform.
The output three-phase voltage can be formulated as follows: 
The input current equation is obtained as follows: 
5. Simulation results and discussion
System configuration
Figs. 2 and 5 depict the block diagram of linear induction motor fed by a conventional three-phase VSI and a threephase direct AC/AC matrix converter, respectively. Appendix A gives the parameters of the LIM, and the PI controllers and the settings of the Simulink models. For the sake of comparison, the simulation has been performed under the same modeling parameters and simulation settings, i.e. the same PI controller parameters, the same Simulink settings, and the same load and speed profiles. Appendices B and C present the Matlab Simulink models of the MC and the VSI drive systems respectively. Fig. 7 shows the simulation results of the supply voltage, LIM three-phase current, reference and actual d-q axis currents, and the supply current, the load force and electromagnetic developed force, and reference and actual LIM speed. It is clear that, the load force and the electromagnetic developed force agree well. Also, the reference and actual LIM speed in addition to the reference and actual d-q axis current of the LIM are in close agreement. Fig. 8 shows the harmonic spectrum of the LIM line voltage, LIM line current, the supply current, and the VSI input current. It is clear that the harmonic spectrum of the line voltage has high frequency components resulting in THD equals 86.7%. Also, the LIM line current is sinusoidal waveforms and its harmonic spectrum shows low THD, of 5.1%. Since the first stage has uncontrolled rectifier the supply current has significant low order odd harmonics of 5th, 7th, 11th, 13th, . . ., due to the limited effect of the input filter on the VSI input current as it has been designed to remove high switching harmonics; hence, about 27% of 5th harmonic and 10% of 7th harmonic are present in both the supply current and input current of the VSI drive with 38% of THD.
Dynamic performance of the LIM driven by VSI

Dynamic performance of the LIM driven by matrix converter
The LIM driven by matrix converter is carried out in the Matlab Simulink environment in order to investigate its dynamic performance. Fig. 9 shows the simulation results of the reference and actual LIM speed, LIM three-phase currents, reference and actual d-q axis currents, supply currents and voltages and the load force and electromagnetic developed force. It is clear that there is a closed agreement between the waveforms of the load force and the electromagnetic developed force, the reference and actual LIM speed, and the reference and actual d-q axis current of the LIM. Moreover, the unity input power factor at the supply side has been achieved since the supply current and voltage are almost in-phase as shown in Fig. 11. Fig. 10 shows the harmonic spectrum of the matrix converter output line-to-line voltage, LIM line current, the supply current, and the MC input current. It is clear that the harmonic spectrum of the line voltage has high frequency components with little higher magnitude resulting in THD equals Matrix converters and three-phase inverters89.6%. In addition, the LIM line currents have sinusoidal waveforms and its harmonic spectrum shows a THD of 9.1%. The supply current has a near sinusoidal waveform with lower THD of 21.5%. It can be seen in Fig. 10 that, the input filter improves the supply current shape of the MC drive, where the MC input current has a quasi-square switched and the supply current has near sinusoidal waveforms.
Features comparison
Comparing the two drives dynamic performance shown in Figs. 7 and 9 , it can be seen that the two drives track both the speed and load demands. The supply current of the VSI drive has a non-sinusoidal waveform with high harmonic contents due to the uncontrolled rectifier action. On the other hand, high force ripples are noticed in the developed force of the matrix converter drive, which can be related to the high switching ripples found in the d-q current components due to the rough nature of the MC switching operation. However, the d-q current components track well their demanded references. In addition, the THD of the supply current is smaller than that in case of using conventional VSI. The supply current of the matrix converter has a sinusoidal waveform and unity input power factor operation has been gained.
Conclusions
This paper has presented the matrix converter for the linear induction motor drives. The dynamic performance of the matrix converter has been compared with conventional AC/ DC/AC converter in order to investigate its validity in controlling the LIM speed. Both converters have been controlled using field oriented control. The SVM has been used to generate the proper PWM signals of both converters. MATLAB/ SIMULINK software has been used to simulate both converters with the LIM model. Simulation results prove that the matrix converter as a LIM drive has shown better THD in the output voltage and the input current than that in the conventional drives. However, the dynamic performance of both converters looks the same. 
